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The fabrication of metallic single- walled carbon nanotube electrodes separated by gaps of typically 20 nm 
width by electron-beam-induced oxidation is studied within an active device configuration. The tube conduc- 
tance is measured continuously during the process. The experiment provides a statistical evaluation of gap 
sizes as well as the electron dose needed for gap formation. Also, the ability to precisely cut many carbon 
nanotubes in parallel is demonstrated. 



I. INTRODUCTION 

In recent experiments, individual carbon nanotubes 
have been used as true nanoscale electrodes for contact- 
ing different types of materials such as nanocrystals 1 , 
single molecules 2 ^, and phase-change materials^. The 
carbon nanotube electrodes were thereby fabricated by 
making gaps in pristine nanotubes either using current- 
induced oxidation or plasma oxidation through masks. A 
challenge to those techniques is the limited reliability in 
fabricating small and reproducible gap sizes. Recently it 
has been shown that nanogaps in carbon nanotubes can 
be formed by electron-beam-induced oxidation within a 
scanning electron microscope^ 7 . However, this tech- 
nique has not been used to fabricate single- walled carbon 
nanotube (SWNT) electrodes within a device geometry. 
Also the detailed mechanism that leads to gap formation 
remains vague. In this work, we study the process of gap 
formation in metallic SWNTs (mSWNTs) within a three- 
terminal device configuration by electron-beam-induced 
oxidation (EBIO), while simultaneously measuring the 
tube conductance. The experiment provides the critical 
dose for gap formation, a statistical evaluation of the gap 
size, and identifies the type of electrons that lead to local 
oxidation. 



II. EXPERIMENTAL DETAILS 

Devices were fabricated on a degenerately doped sili- 
con backgate with 800 nm of thermal oxide and on 50 nm 
thick SisN4 membranes of 50x50 /mi 2 lateral size, sup- 
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ported by a silicon substrate frame. 200 nm wide con- 
tacts were prepared by standard electron-beam lithogra- 
phy and metallization with 5 nm titanium and 50 nm pal- 
ladium. The gap between metallic contacts was adjusted 
to the length distribution of the nanotube dispersion and 
was typically 700 nm wide. 

mSWNTs were prepared by pulsed laser vaporization 
followed by sonication in lwt% sodium cholate in D2O 
and subsequent sorting using density-gradient centrifu- 
gation and size-exclusion chromatography as has been 
reported elsewhere^—. mSWNTs with a diameter dis- 
tribution of 1.2 ± 0.2 nm and a length of 1 ± 0.5 /im were 
used for the nanogap devices. 

mSWNTs were deposited onto the metal contacts 
by dielectrophoresisii. For the single-tube devices, a 
peak-to-peak voltage of V PP = 1.5V and a frequency of 
f = 300 kHz were used for a duration of 3 minutes, while 
a drop of nanotube dispersion with a concentration of 
~5 nanotubes per /im 3 was placed onto the device. For 
the fabrication of mSWNT thin-film devices, a discon- 
tinuous alternating voltage with V PP =6V, t on = 10ms 
and t / / = 90 ms was used to prevent electroosmosis as 
explained ini 2 -. 

Imaging and cutting of the nanotubes were carried out 
in a Zeiss Ultra Plus scanning electron microscope, with 
the experimental setup shown in Fig. la. The built-in 
charge compensation module was used to inject oxygen 
gas (purity 99.998 %) through a needle of 500 /im diam- 
eter. The lateral position of the tip of the needle was 
adjusted at 200 /mi off the center of the electron-beam 
scan window, while its vertical position was fixed to less 
than 50 /im above the device surface. 

Gas flow rate into the microscope was monitored by a 
mass flow controller and set to 35 ± 2 sccm/min at a sys- 
tem pressure of 5.7 • 10~ 3 mbar. Molecular flux at the exit 
of the needle was calculated to 8 • 10 7 nm _2 s _1 . The local 
pressure at that point was estimated to 1 mbar. A Keith- 
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ley 2636A two-channel source measure unit was used in 
combination with two MM3A-EM Klcindiek nanoprobers 
mounted inside the electron microscope for in-situ elec- 
trical characterization of the nanotube contacts. 

Initially, the devices were current- annealed in vacuum 
to release charges trapped in the substrate from the 
lithographic fabrication of the contacts 13 . The current- 
annealed mSWNT devices showed linear current-voltage 
(I-V) curves and no gate dependence. I-V curves were 
measured before and after EBIO gap formation. During 
the EBIO process a constant source-drain voltage Vsd of 
maximum 1 V was applied and the current continuously 
measured in intervals of 50 ms. 

To cut the carbon nanotubes an electron-beam line 
scan was executed across the nanotube while injecting the 
oxygen. During line scans the microscope magnification 
was adjusted to be either 25 kX or 50 kX, yielding a line 
scan width of 4.57/^m and 2.29 /zm, respectively. The 
primary electron-beam current used was ~100pA, which 
yields a line dose of ~21.8/iC/m and ~43.7/LtC/m per 
second, respectively. Acceleration voltage of the primary 
electrons (PEs) was set to 10 kV. Scale-calibrated images 
were used to assess reproducibility of gap sizes. 



III. RESULTS AND DISCUSSION 

Fig. lb shows SEM images of an individual mSWNT 
on SiC>2/Si before (left) and after (right) EBIO-induced 
gap formation. The images were recorded with an in- 
lens detector that is expected to be sensitive to SE1 and 
SE2 secondary electrons^. For better visibility of the 
mSWNT, we used voltage-contrast scanning electron mi- 
croscopy (VCSEM) to suppress the SEs of the Si0 2 /Si 
substrate^. The required backgate voltage V g = +10V 
was applied with respect to the source-drain electrodes 
only for imaging. An effect of V g on the EBIO pro- 
cess was not observed. The EBIO-induced gap shown 
in Fig. lb is ~ 20 nm wide. This is a typical result 
since the gap size average over 62 devices on Si02/Si 
substrates is (19±5)nm, as shown in Fig. 2b. Similar 
results were also obtained with mSWNTs on 50 nm thick 
SiaN4 membranes. Fig. lc shows such a device on SiaN4 
before (left) and after (right) EBIO-induced gap forma- 
tion. Although recorded without VCSEM, the membrane 
appears dark due to its limited SE2 generation^. We 
should note that the formation of a gap has also been 
confirmed by topography measurements with an atomic 
force microscope (not shown). The critical line dose £c 
that is required for gap formation has been determined 
from in-situ conductance measurements. Fig. 2a shows 
the typical conductance reduction of a mSWNT-device 
on Si02/Si and S13N4, during the EBIO process. The 
traces of the conductance G have been normalized to 
their initial values Gi, at the beginning of the EBIO pro- 
cess at t = 0. Gi is typically on the order of (40kJ7) _1 
after current-annealing. G decreases with £ almost ex- 
ponentially by two orders of magnitude, before a sudden 



drop by additional 3-4 orders of magnitude down to the 
electron-beam-induced residual conductance is recorded 
<(10Gf2) _1 . This last step indicates the formation of a 
gap in the nanotube. There are no plateaus in G which 
could indicate a step-wise introduction of defects. Typ- 
ically £c is on the order of a few mC/m. This behavior 
is in marked contrast to the continuous electron-beam- 
induced metal-to-insulator transitions, which are caused 
by charges trapped in the substrate surface^. It has 
been shown that such transitions require a line dose of 
~200AiC/m at 10 kV PE energy. During the EBIO pro- 
cess, such a small dose causes only a small reduction in 
G (see Fig. 2a), and cutting of tubes requires a dose 
which is ten times as high. We assume that charging 
is not important here since oxygen ions can compensate 
electron-beam-induced surface charges. Note also that 
it has been shown that trapped charges can be released 
under large bias and that the original conductance can 
be fully restored (reversibility)^. In the present case - 
due to the gap formation - the conductance drop remains 
irreversible even at Vsd 3> 10 V. 

We now want to discuss the mechanism that leads to 
gap formation. Direct knock-on damage can be excluded, 
as the threshold for carbon nanotubes is 85 keV— , much 
higher than the electron energies used in this and in pre- 
vious work£. We have also tested the use of argon in- 
stead of oxygen, but could not open a gap. It is likely 
that oxygen radicals forming under the electron beam 
are causing the gap formation. The lack of a significant 
difference between EBIO on a thick Si02/Si substrate 
and a thin SiaN4 membrane implies that backscattered 
electrons (BSE) and BSE-generated secondary electrons 
(SE2) play a minor role since Monte Carlo simulations 18 
showed that almost no electrons are backscattered from 
the S13N4 membrane and its total SE yield (SE1 + SE2) 
is strongly reduced due to the absence of BSE and thus 
SE2. Moreover, the EBIO process appears to be insen- 
sitive to a suppression of SE1 and SE2 electrons by VC- 
SEM. This indicates that the PEs are causing the gap 
formation. 

A recent work on electron-beam-induced etching of 
Si02 using XeF 2 gas^ indicates that the source of oxy- 
gen radicals is effectively limited to the area where the 
PE beam hits the surface, which for a line scan would 
be a strip of ~l-2nm width. What causes the gap to 
become *~20 nm wide remains unclear at the moment. 
We assume that the gap acquires this large width either 
because of an exothermic chain reaction where the gap 
size is determined by the oxygen partial pressure in the 
system^, or due to the diffusion of oxygen radicals. In 
both cases a variation of the pressure should have an in- 
fluence on the gap size, which will be investigated in the 
future. 

As an interesting final observation, we note EBIO is 
not limited to the cutting of individual nanotubes, but 
can also be extended to form gaps in devices with mul- 
tiple nanotubes. Fig. 2c shows such an example. The 
device which contains ~50 mSWNTs was produced by 
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FIG. 1. (Color online) (a) Schematic of the EBIO setup: Primary-beam electrons (PE) are repeatedly scanned across a mSWNT 
in the presence of injected oxygen. The mSWNTs are wired to Pd electrodes and supported by Si02/Si substrates or SisN4 
membranes (inset). Indicated are the trajectories of secondary (SE1, SE2) and backscattered (BSE) electrons; and the reaction 
that causes gap formation, (b) SE image of a mSWNT on Si02 before (left) and after (right) gap formation, recorded with 
V 9 = +10 V. (c) SE image of a mSWNT on a SiaN4 membrane before (left) and after (right) gap formation. 
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FIG. 2. (Color online) (a) Normalized conductance G/Gi vs. line dose £ recorded during the EBIO process for a device on 
Si02/Si and on a SisN4 membrane, (b) Histogram of nanogap sizes of 62 devices on Si02/Si substrates, fitted to a normal 
distribution with /i = 19 nm and a = 5 nm. (c) SE image of a mSWNT thin-film device after gap formation. 



pulsed dielectrophoresis. With EBIO, gaps of similar 
size can be produced in all of the nanotubes at the same 
relative position. Such a result cannot be obtained by 
current-induced oxidation^Sr— . 



IV. CONCLUSIONS 

Reliable and lithographically precise fabrication of 
SWNT electrodes by electron-beam-induced oxidation 
was demonstrated for individual SWNT and SWNT thin- 
film devices. Nanogaps can be fabricated reliably down 
to a size of 19 ± 5 nm. The independence of the gap size 
of the choice of substrate and of the number of secondary 
electrons suggests that the process is driven by primary 
electrons. Although the gaps produced by EBIO are still 
large compared to molecular scales, they have an ad- 
vantageous size for addressing phase-change materials^ 
where reproducible gap sizes are required to obtain re- 
producible switching properties. 
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